mtDNA mutations occur in a wide variety of degenerative diseases and cancer. mtDNA seems to be more susceptible to DNA damage and consequently sustains higher rates of mutation than does nuclear DNA (nDNA). Many of the somatic mtDNA mutations in human cancers are located in the displacement loop (D-loop) and in particular in a polycytidine stretch (C-tract) termed D310. The D310 region exhibits polymorphic length variation among individuals and has been described as a ''hot spot'' for somatic mutations in many cancer types. We used real-time quantitative PCR to analyze mtDNA integrity, damage repair, and induced mutations after exposure of human adult retinal pigment epithelial (ARPE)-19 cells to 4-nitroquinoline 1-oxide, a UV-mimetic and adduct-forming carcinogen, and tert-butyl hydroperoxide, an oxidant. The mtDNA-damage profile depended on the region. Thus, the tRNA coding for glycine (tRNAG) was the least affected region, whereas the D-loop, and especially its D310 region, were most sensitive to damage. The time course of repair of mutations of the D-loop and especially the D310 region after exposure to DNA-damaging agents was delayed when compared with other regions and gave rise to common D310 C-tract frame-shift mutations. The induced mutations in the D310 region were predominantly homoplasmic only 7 days after exposure to damage. Our results establish that the D-loop (especially its D310 region) is highly susceptible to mutations because of its vulnerability to DNA damage and inefficient repair mechanisms. Our findings may explain the high frequency of homoplasmic D310 somatic mutations in many tumor types.
B
oth inherited and somatic mitochondrial mutations cause severe degenerative disorders and occur in primary human cancers. The discovery that mutations in mitochondrial DNA (mtDNA) are causally related to a variety of inherited and acquired human diseases has stimulated interest in understanding how the integrity of this important component of the genome is maintained (1) (2) (3) (4) . This article describes the damaging effects of two chemical agents on mtDNA and the fate of the resultant mutations.
The human mitochondrial genome is a small (16,569-bp), closed-circular, duplex molecule that is present at a high copy number per cell, but this number varies widely among cell types. mtDNA contains 37 genes including the structural genes for 13 polypeptide components of the respiratory-chain enzyme complexes, two ribosomal RNAs, and a complete set of 22 tRNAs that are required for translation of the mtDNAencoded mRNAs (5) . In addition, the mtDNA molecule contains a noncoding region that includes a unique displacement loop (D-loop) that controls both replication and transcription (6) . DNA replication and transcription are linked in vertebrate mitochondria because RNA transcripts initiated at the lightstrand promoter are the primers for mtDNA replication at the heavy-strand origin. Mammalian mtDNA molecules are believed to replicate by an asynchronous displacement mechanism involving two unidirectional origins; however, recent data suggest that mtDNA may replicate through a strandcoupled mechanism (7) . The genetic content and gene order in mtDNA are remarkably conserved among vertebrate species. In contrast, the nucleotide sequence and organization of the regulatory elements involved in transcription and replication of the mtDNA genome vary considerably.
mtDNA is believed to be more susceptible to DNA damage and consequently acquires mutations at a higher rate than does nuclear DNA (nDNA). Several possible factors may account for these differences in susceptibility including exposure to high levels of reactive oxygen species produced during oxidative phosphorylation, lack of protective histones, and limited capacity for repair of DNA damage (8) (9) (10) . It is estimated that the mutational rate of mtDNA is at least 10 times higher than that of nDNA. Mitochondrial mutations are reported to occur in a wide variety of degenerative diseases and cancer (1, 2) .
In many of the inherited mitochondrial degenerative diseases mtDNA mutations are located mainly in the tRNAs and coding regions (11) . In contrast, many of the somatic mtDNA mutations in human cancers are located in the D-loop and in particular in a polycytidine stretch (C-tract) also termed the D310 region (12) (Fig. 1) . The D310 region is composed of 12-18 cytidine bases that are interrupted by a thymidine base at position 310. The D310 region shows polymorphic length variation among individuals (13, 14) as well as heteroplasmic variation within an individual (15, 16) . Moreover, the D310 D-loop region has been found to be a ''hot spot'' for somatic mutations in many cancer types (12) . Severe mutations might be of biological significance, because the D310 region lies in a conserved sequence block that is hypothesized to be involved in some aspect of mtDNA replication and transcription (17) . Maintenance of the integrity of mtDNA requires accurate replication and repair.
To our knowledge, there are no reports on the susceptibility of various mtDNA regions, and in particular the D-loop, to DNA-damaging agents. To address this question, we studied the extent of DNA damage in different mtDNA regions after exposure to DNA-damaging agents and the mutational consequences and fate of D-loop-induced damage. We used quantitative real-time PCR to determine the relative extent of regional mtDNA damage and in single sorted cells to identify C-tract frame-shift mutations. There are large differences in the susceptibility to mutation of various regions of mtDNA. Surpris-ingly, these mutations rapidly evolved into a homoplasmic state in which the mutations become identical in mitochondrial populations of cells.
The two damaging agents selected for these studies were 4-nitroquinoline 1-oxide (4NQO) and tert-butyl hydroperoxide (BHP). 4NQO is an electrophile and a powerful carcinogen and mutagen (18) . It is a UV-mimetic agent and forms charge-transfer complexes with 5Ј-deoxyribonucleotides (19, 20) . 4NQO forms DNA adducts and causes a wide range of DNA lesions including single-strand breaks, pyrimidine-dimer formation, abasic sites, and oxidized bases. Because earlier work showed that 4NQO treatment interrupted PCR amplification of human lymphocyte DNA, 4NQO seemed to be a promising agent for regional mapping of DNA damage (21) . BHP is a powerful oxidant, and although its propensity for DNA-adduct formation is probably much lower than that of 4NQO, it generates free radicals and also causes DNA strand breaks and various types of base damage (22) . The choice of human adult retinal pigment epithelial (ARPE)-19 cells was dictated by the great sensitivity of the retina to oxidative damage and the widespread use of these cells to assess oxidative damage and devise strategies for protection against such damage (23) .
Experimental Procedures
Chemicals. 4NQO and BHP were purchased from Sigma.
Cell Culture and Drug Treatment. Human ARPE-19 cells were obtained from the American Type Culture Collection. Cells were cultured in a mixture of equal volumes of DMEM and Ham's F-12 medium plus 10% heat-inactivated FBS and incubated at 37°C in an atmosphere of 5% CO 2 ͞95% relative humidity. Cells were exposed to either 10 M 4NQO or 125 M BHP and incubated at 37°C for 1 and 2 h, respectively. After exposure to the damaging agents, the cells were either harvested immediately or incubated for an additional 4 or 24 h in complete medium without the damaging agents to allow time for repair. Cells were trypsinized, washed with PBS, and incubated with 1% SDS and 1 mg͞ml proteinase K for 24 h at 48°C. DNA was extracted by the standard phenol-chloroform procedure.
Quantitative Real-Time PCR. The TaqMan 7900HT sequencedetection system was used to perform real-time PCR amplification for ␤-actin and mtDNA regions cytochrome c oxidase (COII), tRNA coding for glycine (tRNA G ), D-loop (401-490), and D310. Table 1 lists the primers and probes used to amplify the respective DNA regions. All primers were obtained from Invitrogen. All TaqMan probes (Applied Biosystems) were labeled with 5Ј-FAM (6-carboxyfluorescein, fluorescent reporter) and 3Ј-TAMRA (6-carboxy-tetramethylrhodamine, fluorescence quencher). PCR amplifications were carried out in buffer containing 16.6 mM ammonium sulfate, 67 mM Tris base, 2.5 mM MgCl 2 , 10 mM 2-mercaptoethanol, 0.1% DMSO, 0.2 mM each of dATP, dCTP, dGTP, and dTTP, 600 nM each of forward and reverse primers, 200 nM TaqMan probe, 0.6 unit Platinum Taq polymerase, and 2% Rox reference dye (24) . DNA (500 pg) was used to amplify mitochondrial regions, whereas 10 ng of DNA were used to amplify ␤-actin, a single-copy gene. The real-time PCR reactions were performed in triplicate for each gene. Standard curves were obtained by using ARPE-19 DNA from untreated cells. Data analysis was performed by using Microsoft EXCEL software. mtDNA͞nDNA ratios were calculated by dividing the mtDNA signal for each gene by the ␤-actin signal and expressing the ratio as a percentage of the untreated control set at 100%.
Cloning of mtDNA C-Tract. PCR amplification was performed by using 10 ng of total DNA. The amplification was performed in buffer containing 1.5 mM MgCl 2 , 16.6 mM (NH 4 ) 2 SO 4 , 6.25% DMSO, 200 M dNTPs, 250 nM each of Mt35F forward and Mt635R reverse primers, and 2.5 units of Platinum Taq polymerase. PCR cycling conditions were 1 cycle for 2 min at 94°C, 2 cycles for 30 s at 94°C, 1 min at 58°C, and 1 min at 72°C, followed by 25 cycles for 30 s at 94°C, 1 min at 56°C, and 1 min at 72°C, and a final extension for 5 min at 72°C. PCR products were separated on 1% agarose gels and purified by using the Qiagen (Valencia, CA) gel-purification kit according to the manufacturer's instructions. The PCR product was cloned into a Topo10TA vector (Invitrogen) according to the manufactur- er's instructions. The resulting plasmid was used to transform TOPO10 bacterial cells that were subsequently plated on agar plates containing 50 g͞ml ampicillin. Colonies were picked and grown in 96-well plates. The plasmids were purified by using the Qiagen plasmid kit. Fig. 2A is a representative amplification plot showing a shift to the right after damage in the D-loop. An undamaged template region would have produced overlapping curves before and after treatment as shown for the control nuclear ␤-actin gene (Fig. 2B) . Because the damaging agents used in these studies did not affect the selected region of ␤-actin, we used this gene as a reference. The extent of mtDNA damage was analyzed by calculating the mtDNA͞nDNA ratio by normalizing (dividing) each mitochondrial fluorescence amplification measurement to the corresponding ␤-actin signal. The mtDNA͞nDNA ratio of the untreated control was set at 100%, and mtDNA damage was expressed as a percentage of this control value. Thus, a lower mtDNA͞nDNA ratio represents less initial template, denoting a decrease in the integrity of mtDNA. A quantitative analysis of induced damage in tRNA G , COII, D-loop, and D310 is shown in Fig. 3A . This analysis revealed that the tRNA G region was the least affected region, whereas the COII region was moderately damaged. The D-loop was more sensitive to damage than the tRNA G and COII regions. Furthermore, the D310 region, postulated to be a hot spot for mutation, was also hypersensitive to 4NQO damage when compared with the other mtDNA regions. Similarly, treatment with BHP resulted in more damage in the D310 area as compared with the other mtDNA regions analyzed here (Fig. 3B) . A comparison of Fig. 3 A and B shows that the profile of DNA damage depended on the nature of the damaging agent. Damage by 4NQO decreased in the order D310 Ͼ D-loop Ͼ COII Ͼ tRNA G , whereas the damage profile for BHP was D310 Ͼ D-loop Ͼ tRNA G Ͼ COII. Interestingly, the D310 region was the most susceptible to damage by both agents.
Assessment of mtDNA Repair by Quantitative PCR. We examined the temporal repair of mtDNA by using quantitative PCR. The different regions of DNA isolated from ARPE-19 cells at 0.5, 4, and 24 h after exposure to 4NQO and BHP were subjected to quantitative PCR. Four hours after exposure to 4NQO, the mtDNA͞nDNA ratios for D-loop and the D310 region were both lower than those of COII and tRNA G (Fig. 4) , indicating decreased mtDNA integrity of the D-loop. Moreover, at 24 h after exposure, the mtDNA͞nDNA ratios for COII and tRNA G returned to Ͼ95% of control values, whereas both D-loop and D310 lagged behind at 74% and 66%, respectively. These results indicate that damage induced by 4NQO was repaired more rapidly in the COII and tRNA G regions compared with the D-loop, and in particular the D310 region. Similar results were observed in BHP-treated cells (data not shown). Together these findings confirm that D310 is highly prone to damage by quite different chemical agents and is repaired more slowly in comparison to the other mtDNA regions examined. These findings led us to analyze the nature and frequency of induced mutations in the D310 region.
Mutational Analysis of the D310 Region. To assess mutations in the D310 region, we first performed direct manual DNA sequencing from pooled cell DNA but were unable to detect any mutations. In general, DNA mutations cannot be detected by direct sequencing analysis unless they represent Ͼ10% of the starting template. We therefore searched for rare mutations in the D310 region by cloning PCR fragments encompassing this region. Before exposure to damaging agents, Ͻ2% of the mitochondria harbored D310 C-tract variants (heteroplasmy) in the parental ARPE-19 DNA (Table 2) . At 4 h after exposure to damage, D310 C-tract heteroplasmy increased to 6.5% (P ϭ 0.018). The distribution of frame-shift variants also widened, indicating the presence of new mutations. Interestingly, 7 days after exposure to damage D310 C-tract heteroplasmy fell to 4.1% (P ϭ 0.02) and the distribution narrowed again ( Table 2) . Fig. 5A is a representative of the cloned PCR products of the D310 region showing the wild-type C 6 D310 C-tract and the ϩ1 and Ϫ1 variants. These data suggest that the variant forms of D310 C-tract were present in mitochondria from the cell but could also ref lect imprecise PCR due to unrepaired template. To determine the origin of the observed heteroplasmy we exposed cells to 10 M 4NQO for 1 h, incubated the treated cells for 7 days in fresh medium, and analyzed the DNA of single cells by PCR. Fig. 5B shows representative results of single-cell PCR showing that ϩ1 variants were present before treatment. Furthermore, the results also revealed that each cell contained only one D310 variant (single-cell homoplasmy). Control represents untreated cells, and 4 h and 7 days represent time after treatment with 4NQO (10 M, 1 h). ϩ1 and Ϫ1 variants represent the insertion and deletion, respectively, of one cytosine; ϩ2 and Ϫ2 variants represent the insertion and deletion, respectively, of two cytosines.
These results suggest that fixed mtDNA mutations evolve rapidly to a homoplasmic state.
Discussion
To understand the nature of mtDNA and the process of chemical mutations, we analyzed mtDNA integrity, the time course of repair, and damage-induced mutations after exposure to DNA-damaging agents. Our results showed that the damage profile of the mtDNA was region-dependent. The damage to the D-loop region was higher than that of tRNA G and the region encoding COII. Interestingly, within the D-loop the D310 region was the most vulnerable to damage. Our observation that the D-loop was prone to DNA-damaging agents raised the question of the effectiveness of DNA repair. Our results indicate that the absolute level of repair of the D-loop region was lower than that of the COII and tRNA G regions. This finding clearly indicates the presence of differential repair capacity within mtDNA. Moreover, the D310 region was repaired more slowly when compared with other regions within the D-loop. The possibility that damaged mtDNA molecules are discarded and replaced by replication of undamaged mtDNA molecules is unlikely because of the high mutational rate observed after treatment, suggesting inefficient repair. Although the reasons for this differential mtDNA damage and repair are unknown, it is possible that the unique D-loop structure predisposes this region to excessive DNA damage. In addition, this unique D-loop structure coupled with the polycytidine stretch and the proximity of the D-loop to the mitochondrial inner membrane may hinder access to repair proteins.
Several enzymatic activities involved in mtDNA repair have been identified in mammalian cells (27) (28) (29) (30) . In this study we used 4NQO, a UV-mimetic agent that induces a wide range of lesions including DNA adducts, single-strand breaks, pyrimidine dimers, abasic sites, and oxidized bases. These lesions are repaired by nucleotide and base excision-repair pathways. Although nucleotide excision-repair mechanisms have not been fully established yet in mitochondria, our finding that most mtDNA regions with the exception of the D-loop were repaired provides support for previous suggestions that mitochondria possess DNA-repair systems. Further characterization of the induced lesions in mtDNA is required to identify the different repair mechanisms in detail.
The notion that less efficiently repaired regions are expected to harbor higher mutation rates prompted us to analyze mutation induction in the D310 region. We found that 4 h after the D310 region was exposed to the DNA-damaging agents, there was a significant increase in the quantity of D310 C-tract variants. This coexistence of mutant and wild-type mtDNA is termed heteroplasmy. Seven days after DNA damage, the frequency of C-tract heteroplasmy was still higher than in the control, but the differences were narrowed. The concomitant increase in the frequency of C-tract variants coupled with the reduction in the observed heteroplasmy after 7 days could be attributed either to the fixation of scattered mtDNA mutations throughout the cell population (single-cell heteroplasmy) or the emergence of mutant homoplasmic cells (cell-population heteroplasmy). To test the latter possibility we isolated single cells by flow cytometry and subjected the D310 region to PCR. The results showed a homoplasmic population of mtDNA per cell, supporting the rapid emergence of clonal mutant mitochondria. Our findings help to explain the high frequency of D310 homoplasmic mtDNA somatic mutations detected in human tumors (31, 32) . It is possible that certain mtDNA mutations may confer a selective advantage or disadvantage for the carrier mtDNA copy or the host cell. This hypothesis of clonal selection is supported by several studies that showed a nonrandom segregation of mtDNA in cybrids (33) (34) (35) (36) .
Although the mechanisms of mitochondrial replication and segregation are still unknown, several theories have been proposed: (i) the bottle-neck, (ii) clonal-selection, and (iii) randomsegregation theories. The bottle-neck theory proposes that only a small fraction of mtDNA molecules are sampled from a larger population for transmission and amplification. The bottle-neck fails to explain the expansion of somatic mutations, because it is thought to occur only during the early stages of oogenesis (10) . The clonal-selection theory proposes that certain mtDNA mutations may confer a selective advantage or disadvantage for the carrier mtDNA copy or the host cell. mtDNA mutants that confer disadvantages to the cell would be eliminated, whereas those that possess survival advantage are propagated. Our results showed propagation of D310 C-tract frame shift of one cytosine insertion after 7 days, whereas the other induced variants were eliminated. These findings are consistent with the selection theory or nonrandom segregation and further show that this process may be very rapid.
Because the D310 area lies in a conserved sequence block that presumably controls mtDNA replication and transcription, it is possible that severe D310 C-tract length variations may have an important role in the regulation of mtDNA metabolism. Minimal D310 C-tract frame shifts of one or two base pairs are common polymorphisms in the population; however, they are present in low-level heteroplasmy in normal tissue, suggesting that such minimal changes are unlikely to cause disease. Studies of mitochondrial degenerative diseases showed that mutant mtDNA must represent Ͼ80-90% of cellular mitochondria content to cause a clinical phenotype (37) (38) (39) . This threshold is likely to differ between mutations in the control and the coding regions.
We have shown that the D-loop, and in particular the D310 region, is highly susceptible to mutations, possibly because of a combination of vulnerability to damage and inefficient repair. To our knowledge, complete analysis of the DNA damage, repair, and mutation of the D310 region has not been described previously. The susceptibility of the D310 region to mutations may explain the high frequency of common polymorphisms and the high frequency of somatic D310 mutations detected in many tumor types (31, 32) . Furthermore, our findings strongly suggest that emergence of homoplasmic mitochondrial variants is a very rapid event that occurs within days after damage. Understanding how the mitochondrial genome is controlled will increase the opportunities for clinical intervention against the pathogenic effects of defective mitochondria. Single-cell PCR amplification of the D310 region showing homoplasmic variants of C-tract. The wild-type D310 C-tract has a stretch of six polycytidine (C 6) separated by a thymine. Ϫ1 and ϩ1 represent deletion and insertion of one cytidine into the wild-type (C 6) D310, respectively.
